The cause for the huge enhancement factors of surface-enhanced Raman spectroscopy (SERS) by the addition of small silver nanoclusters is theoretically investigated focusing on the difference between resonance Raman activity and surface plasmon effects. First, the resonance and off-resonance Raman spectra are calculated using the incident light wavenumbers of the low-lying charge transfer excitations for the surface (S) and vertex (V) complexes of pyridine molecule attaching to three small silver nanoclusters: Ag 5 , Ag 10 and Ag 20 . As a result, it is found that the incident radiation dramatically increases the resonance Raman activities with the enhancement factors up to 10 12 . This indicates that the resonance Raman effects are dominant in the enhancement factors of SERS, at least when to use small silver clusters. It is also found that the resonance Raman spectra significantly depend on the adsorption sites given in S or V complexes, and on the inclusion or exclusion of the long-range correction for density functional theory, irrespective of the size of the silver clusters. The electromagnetic field enhancement effects called "surface plasmon effects" are also examined for the Ag 20 cluster to confirm this conclusion. Consequently, the enhancement in the electric field are roughly evaluated as less than one for the static polarizability of this small cluster. It is, therefore, concluded that the resonance Raman activity effect is dominant in the huge SERS enhancement factors for, at least, small silver nanoclusters.
I. INTRODUCTION
Surface plasmon 1,2 is a quantized collective oscillation of electrons, which appear in the surface of metal crystals and metal nanoparticles. It has long attracted attentions due to its potential in the advancement of nanoscience. [3] [4] [5] For example, the propagation of the surface plasmon is often investigated in the field of photonics as a possible information carrier. 6 The surface plasmon effect has been investigated combining with scanning tunneling microscopic techniques to potentiate its spectroscopic measurement in the size-regime down to singlemolecule scale. [7] [8] [9] Many theoretical studies have so far been performed to make clear the roles of the surface plasmon in these applications. 10, 11 In the field of chemistry, the surface plasmon resonance has also been intensively studied due to the anticipated significant role in the remarkable enhancement of resonance Raman scattering cross sections, which pave the way for single-molecule-scale spectroscopies and microscopies. It is known that silver and gold clusters dramatically enhance the Raman scattering cross sections of the latter of adsorbed molecules by 10 7 to 10 12 times and have led to the development of surface-enhanced Raman spectroscopy (SERS). 12 In SERS, the surface plasmon has been explained to affect this enhancement through the significant increase in the local intensity of the incident light.
The surface plasmon effect on the incident light is evaluated by calculating the induced local polarizabilities inside supported metal clusters and then solving the Maxwell equation to obtain enhanced local electric fields. There are several methods to calculate the local electric fields: e.g., the discrete dipole approximation (DDA) method 13 and the finite-difference time-domain (FDTD) method. 14, 15 For nanostructures with non-spherical geometry, using the DDA method, Schatz and coworkers calculated the enhancement factors for the Raman scattering cross sections of the pyridine-silver icosamer (Ag 20 ) complex, and consequently, evaluated them in the region of 10 4 to 10 5 . 16 Note, however, that, since the silver icosamer is too small to be metallic with a considerable band gap, this result seems inconsistent with conventional experimental results showing that only large metallic metal clusters provide surface plasmon effects. Actually, a recent experimental study showed that for thiolate-protected gold clusters, the 246-mer (Au 246 ) is non-metallic (i.e., molecular) whereas 279-mer (Au 279 ) is metallic. 17 A subsequent theoretical study on the 279-mer showed that the only absorption band, which is usually interpreted as a surface plasmon resonance excitation, is obtained in the time-dependent (TD) response density functional theory (DFT) 18 calculation of this cluster. 19 This indicates that the surface plasmon comes from the zero band gaps of metallic electronic structures. Using the DDA method, Xu et al. also calculated the squared enhancement factors, |E| 2 / |E 0 | 2 , of large gold/silver core/shell nanospheres with the core range from 10 to 40 nm and the shell thickness ranges from 1 to 11 nm. 20 They consequently obtained the squared enhancement factors as only 180, which is much smaller than the experimental enhancement factors. This indicates that the surface plasmon effects are too small to affect the Raman spectra even for small metal nanoclusters and the immense enhancement factors are attributed to other causes.
Schatz and co-workers 16 also calculated the enhancement factors of the resonance Raman cross sections, which are called "chemical enhancement", through the polarizabilities induced by the electron transfer from the icosamer to the pyridine molecule using DFT with a generalized-gradient-approximation (GGA)-type functional. Consequently, they evaluated the enhancement factors in the region of 10 3 to 10 6 . The cross section depends on the incident light wavenumber to the fourth power and the polarizability and anisotropy to the second power, while the incident light irradiation increases the polarizability and anisotropy (see Sec. II). Note that long-range charge transfer (CT) excitations induce huge polarizabilities and anisotropies in molecules. It is established that the long-range correction (LC) [21] [22] [23] is required for GGA functionals to calculate CT excitation energies. 24 This indicates that LC should be incorporated to investigate the resonance Raman cross sections in DFT calculations, though it has been taken into consideration only in a few studies. 25 Recently, one of the authors theoretically investigated the electronic states of small silver nanoclusters. 26 As a result, it was found that LC-GGA 21-23 quantitatively reproduces the HOMO-LUMO gaps of the small silver nanoclusters, which are the difference between the minus vertical ionization potentials (VIPs) and the minus vertical electron affinities (VEAs) and are usually much larger than the HOMO-LUMO excitation energies for small clusters. This is contrasting to the result that Perdew-Burke-Ernzerhof (PBE) 27 GGA functional seriously underestimate the HOMO-LUMO gaps, while it provides accurate HOMO-LUMO excitation energies close to those of LC-DFT in TDDFT calculations. This indicates that the exciton binding energies, i.e., the difference between the orbital energy gaps and corresponding excitation energies, mainly come from the long-range exchange interactions and they play a significant role in the electronic states of small silver nanoclusters. Since electron excitations mainly contribute to the peak enhancement of resonance Raman spectra, this also indicates that LC should be included in DFT calculations to explore the SERS enhancement factors. This study also shows that the least-squares fits of the calculated VIPs and VEAs to a function, f (n) = a + bn −c (n is the number of atoms and a, b and c are real numbers) suggest that the VIP-VEA values, i.e., the HOMO-LUMO gaps, become zero with n ≈ 300 and 500 for LC-DFT and PBE, respectively. Several hundred silver atoms are, therefore, required to make silver clusters metallic in DFT calculations irrespective of the functional used. Considering that the surface plasmon comes from the zero band gaps of metallic electronic structures, 19 these studies cast doubts on that surface plasmon effects cause huge enhancement factors even for nonmetallic small silver nanoclusters.
In this study, the cause for the huge SERS enhancement factors, which are induced by doping small silver nanoclusters, are theoretically investigated for the adsorption of pyridine molecule on the small silver nanoclusters. In particular, we focus on the long-range exchange effects on the SERS enhancement by comparing the results of LC-GGA and PBE functionals.
The surface plasmon effects on Ag 20 cluster are also examined to compare the effect on the SERS enhancement factors for the use of small silver nanoclusters.
II. COMPUTATIONAL DETAILS
Geometry optimizations have been performed for the models of pyridine molecule on three types of small silver clusters, i.e., Ag 5 , Ag 10 and Ag 20 , in which surface (S) and vertex (V) complexes are examined following the study of Schatz and coworkers 16 for comparison ( Fig.   1 ). The Kohn-Sham calculations 28, 29 have been carried out using the long-range correction (LC) 21, 22 of Becke 1988 exchange 30 plus Lee-Yang-Parr correlation 31 (BLYP) functional (the only parameter µ = 0.33 24 ). The BLYP and hybrid B3LYP GGA 32 calculations also have been examined to make clear the long-range exchange effects. The cc-pVDZ basis set 33, 34 was used for H, C and N atoms and LANL2DZ effective core potential basis set 35 was employed for Ag atom. Note that the high reliability of the combination of this method and basis set has been confirmed in the previous calculation of silver clusters. 26 For the optimized structures, it was found that the V-complexes are more stable than the S-complexes by 3.70, 0.32 and 7.60 kcal/mol for Ag 5 , Ag 10 and Ag 20 , respectively. The response timedependent Kohn-Sham (TDKS) 18 calculations also have been performed to obtain the lowlying excitation energies of these complexes. Using the (incident light) wavenumbers corresponding to the low-lying CT excitations, resonance Raman activity calculations have been carried out. As the Raman scattering intensity, the differential scattering cross section, i.e., the ratio of scattering cross section dσ in a conical beam of solid angle dΩ, dσ/dΩ = I(θ = π/2)/ℑN tot (I is the genuine Raman scattering intensity with the angle of propagation of the incident beam and the direction of observation θ and N tot is the total number of molecules), is used to avoid the dependence on the irradiance ℑ. The differential scattering cross section is evaluated as (in atomic unit) 36
where ϵ 0 is the vacuum permittivity and ω in and ω p are the wavenumbers of the incident beam and the vibrational transition for normal mode p, respectively. In Eq. (1), α ′ p is the mean isotropic polarizability derivative for the p-th normal mode,
and γ ′ p is the anisotropy of the polarizability derivative matrix for the p-th mode,
In Eq. (3), (ᾱ ′ rs ) p is the polarizability derivative variation with respect to the normal modes,
whereᾱ rs is the rs-component of the polarizability of the molecule. and R p is the p-th mode of the normal coordinates of the molecule. The off-resonance Raman activity calculations have also been done using static polarizability derivatives.
The Gaussian 09 suite of program 37 has been used to perform the geometry optimizations and the resonance Raman calculations. All of the optimized structures have been checked to ensure that they yield positive, real frequencies. The calculated Raman spectra have been analyzed using GaussView 5.0.8. 38
To explore the field enhancement effect of Ag 20 cluster, the enhancement factor of the electric field has also been calculated. The induced electric field, E ind , is estimated for the Ag 20 cluster by using the dipolar field as expressed by the next formula. 39
where k is a wavenumber and n is the unit vector of r/r. The induced dipole moment d is represented using the polarizability α(ω) and incident field E 0 as
whereê 0 is the unit vector of E 0 /|E 0 |. Combining Eqs. (5) and (6) gives
Considering that the incident light is in the UV-Vis region, e −ikr in Eq. 
III. RESULTS AND DISCUSSIONS

A. Off-resonance and resonance Raman spectra of pyridine on Ag 20 complex
We first explored the difference between off-resonance and resonance Raman spectra for the S-and V-complexes of pyridine molecule on Ag 20 cluster. Figure 2 illustrates the calculated Raman spectra, in which each peak with frequency ν is multiplied by the Gaussian distribution function:
where σ is the standard deviation (σ = 5 is set in this study) and µ is the peak frequency. which are evaluated to induce CT in TDKS calculations, significantly change the polarizability and/or anisotropy variations by the normal modes of molecules. This is because another incident light-dependent term, i.e., (ω in − ω p ) 4 term, simply vary the cross section independent of the normal modes. Note that these discrepancies are also found in the experimental resonance Raman spectra. 5
The figure also shows that the S-and V-complexes provide very different resonance Ra- incorporating LC. 18, 24 Actually, as the figure shows, the CT excitation wavelengths of the TDKS method are much shorter for LC-BLYP than those for BLYP and B3LYP. This is because the insufficient long-range exchange effects cause orbital mixings and consequently lead to the underestimation of the corresponding orbital energy gaps. In Fig. 3 , the orbital mixings are found in the orbitals of the V-complex after CT for BLYP and B3LYP. This leads to the overestimation of the resonance Raman peak intensities, because it causes the Raman spectrum peaks essentially depend on the polarizability derivatives in terms of the vibration modes. Therefore, the Raman peaks are not directly affected by this difference as supported by theoretical studies on the resonance Raman activities of pyridine and very small metal clusters. 46 Based on these results, it is concluded that the huge enhancement factors of pyridine molecule on small silver clusters mainly come from the resonance Raman activity effects independent of the size of silver clusters.
C. Surface plasmon of Ag 20 cluster
Finally, we explored the field enhancement effect, which is often called "surface plasmon of the electric field is calculated for the Ag 20 cluster. Equation (7) indicates that the field enhancement is evaluated by the static and dynamic polarizabilities of the system under the pre-resonance condition. The absorption spectrum of Ag 20 is shown in Fig. 6a . As the figure shows, the strongest absorption peak intensity is given at 3.55 eV. Figure 6b Under the resonance condition considering the lifetime of this excited state, the polarizability is roughly expressed by 2|µ res | 2 , 49,50 where µ res is the transition dipole moment of an excited state. Since the lifetime of an excited state can be incorporated as a damping fac- tor in the imaginary part of the response function, the imaginary parts of the polarizability, 2|µ res | 2 , are numerically calculated as the multiplication of the Lorentz function, of which the maximum value is unity. 51 However, it is not yet implemented in the present official version of TURBOMOLE. 42 The field enhancement is, therefore, evaluated neglecting the lifetime by the polarizability under the pre-resonance condition, as well as the static polarizability Figure 6d shows the intensity map of the calculated dipole field relative to the incident electric field in Eq. (7) for the dynamic and static polarizabilities. The corresponding cross sections along the x and y axes are also shown in Fig. 6e . Since the vertex atom of Ag 20 is located around 8 bohr far from the center of mass, the field enhancement becomes < 10 3 even using the polarizability under the pre-resonance condition and ≤ 1 for the use of the static polarizability. Using Eq. (7), the field enhancement is also roughly estimated around the surface of the cluster. Assuming that the distance from the center of mass to the surface is 10 bohr for the Ag 20 cluster, the enhancement factor is roughly evaluated as the order of ∼ α(ω)/1000 at the surface of the cluster. Since the static and dynamic polarizabilities are calculated as ∼860 a.u. and ∼200,000 a.u., respectively, at the strongest absorption energy (3.55 eV), the enhancement is evaluated as < 1 for the static field and as ∼200 for the dynamic field under this assumption. Though the enhancement for the dynamic field (∼200) is too large to be compared to the enhancement values in the previous studies, 51, 52 we should notice that this calculation neglects the lifetime, indicating that the lifetime is set to be infinite. 53, 54 The dynamic polarizability is represented as 54
where ⟨f | and |i⟩ are the final and initial vibrational states, respectively, and ω mi = ω m −ω i is the energy difference between the middle anad initial states, µ α and µ β are the Cartesian components, i.e., (α, β) = (x, y, z), of the transition dipole moments between the ground and excited states, and m ′ is the vibrational states of the corresponding excited state. What we should notice is that Eq. (9) contains the damping constant for the corresponding excited state, γ, which is interpreted as the lifetime of the excited state. Since the large dynamic polarizability stems from its small denominator, the lifetime significantly contributes to the enhancement factors. The neglect of lifetime, therefore, causes the overestimation of the surface plasmon effect on SERS. This result, therefore, does not indicate the significant surface plasmon effect on SERS but rather cautions that the lifetime should be considered to evaluate the surface plasmon effects.
It is, therefore, concluded that the electromagnetic surface plasmon effect on the enhancement factor of the Raman spectrum is much smaller than the resonance Raman activity effect for small silver nanoclusters. This conclusion is consistent with an experimental observation of the SERS effect on sub-nanometer metal nanoclusters consisting of two through eight silver atoms. 55
IV. CONCLUSIONS
In this study, we have investigated the cause for the enhancement factors of surfaceenhanced Raman spectroscopy (SERS) by the addition of small silver nanoclusters. This study focuses on the significance of the resonance Raman activity and the surface plasmon effects on SERS. Silver nanoclusters are known to dramatically enhance the Raman scattering cross section of adsorbed molecules by 10 7 through 10 12 times, which pave the way for single-molecule spectroscopy and microscopy. The surface plasmon effect on incident light has often been interpreted as the main cause for this enhancement. However, the cause for the huge SERS enhancement has rarely been investigated by comparing the resonance Raman activity and surface plasmon effects on SERS.
To make it clear, we have first explored the resonance and off-resonance Raman spectra for the complexes of pyridine molecule attaching three small silver nanoclusters, i.e., Ag 5 , The results show that the chemical enhancement factors are huge for the V-complexes of even these small clusters, while they significantly depend on the functional used for the Scomplexes. It is, therefore, concluded that the huge enhancement factors come from the resonance Raman activity effects for, at least, the inclusion of small silver nanoclusters.
To confirm the above conclusion, we have finally examined the electromagnetic field enhancement effects, "surface plasmon effect", of the Ag 20 cluster for the strongest absorption peak. The calculated intensity map of dipole field relative to the incident electric field shows that the field enhancement is less than 10 3 even using the polarizability under the pre-resonance condition and < 1 for the static polarizability. The roughly-evaluated enhancement factors of dipole moments are < 1 for the static field and ∼200 for the dynamic field at the strongest absorption energy. Since the considerable enhancement for the dynamic field is considered to come from the neglect of the lifetime for staying in the excited state, it is confirmed that the resonance Raman activity effect is dominant in the SERS enhancement factors for, at least, small silver nanoclusters. 
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